Five-, six-and seven-vertex dicarbaboranes, carborane anions and borane dianions have been studied by DFT calculations at the B3LYP/6-311+G(d,p) level of theory, aiming at determining the indirect nuclear spin-spin coupling constants with an emphasis on J( 11 B, 11 B), J( 13 C, 11 B) and J( 13 C, 13 C). The reasonable agreement with all experimental data suggests that the calculated data can be used in the discussion of the bonding situation in these cluster compounds, for which many coupling constants cannot be determined experimentally. The delocalisation of electron density is reflected by changes in both magnitude and sign of the coupling constants. The trend in the coupling constants between nuclei in antipodal positions points towards direct bonding interactions.
Introduction
One intriguing starting point of carborane chemistry in the late fifties has been the report on a compound with the composition C 2 B 3 H 5 1a [1] , which had been obtained in very low yield. The properties of 1a did not agree with those of other organoboranes and, although a classical structure could be suggested [2] , non-classical bonding as in polyhedral boranes or borates seemed more likely. Thus, compound 1a turned out to be the smallest member of a class of neutral deltahedral clusters (A; Scheme 1), the 1,5-dicarba-closo-pentaborane (5) . Only a few years later, Köster et al. succeeded in the bench scale synthesis of peralkylated derivatives C 2 B 3 R 5 1b [3] , for which an analogous structure was assigned. NMR studies of the parent compound 1a [4] and the peralkylated derivatives 1b [5] supported the structural assumptions. The mechanism of the formation of compounds 1b was reinvestigated [6, 7] , and the molecular structure of C 2 B 3 Et 5 was determined in the solid state [6, 8] , confirming the non-classical bonding. The existence of potential isomers of 1 has not been confirmed. A substituted carborane anion 2b is known [9] , related to the unknown closo-[1-CB 4 2− 3a as well as derivatives of 3a are unknown.
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The six-and seven-vertex closo-structures are represented by B and C, respectively (Scheme 1). There are two isomers known of closo-C 2 B 4 H 6 , the 1,6-dicarba-closo-hexaborane(6) 4a and the 1,2-dicarba isomer 5a [10] , and recently the hexaethyl derivative 4b has been reported [11] . Although the carborane anion closo-[CB 5 H 6 ] − 6a has been proposed to be formed by deprotonation of closo-CB 5 H 7 [12] , it is poorly characterised so far, in contrast to the wellknown [13] 
There are four isomers of C 2 B 5 H 7 , 1,5-dicarba (8a), 1,2-dicarba-(9a), 2,3-dicarba-(10a), and 2,4-dicarba-closo-heptaborane(7) 11a, of which only 10a and 11a are known as the parent compounds [14, 15] or as derivatives [11, 16] . Two possible isomers of the carborane anion [CB 6 − 13a, of which only the latter has recently been described [17] . The borane dianion closo-[B 7 H 7 ] 2− 14a is known [18] as a fairly reactive species when compared with 7a.
The bonding situation in these five-to seven-vertex clusters [19 -21] should be mirrored by NMR parameters, in particular by nuclear spin-spin coupling constants involving the nuclei 11 B and 13 C [ n J( 11 B, 11 B), n J( 13 C, 11 B) and n J( 13 C, 13 C), in addition to 1 J( 11 B, 1 H) and 1 J( 13 C, 1 H)]. However, owing to the quadrupolar nature of the 11 B nucleus (I = 3/2), and also because of the complex spin-systems present in all species 1 -14, experimental information on n J( 11 B, 11 B), n J( 13 C, 11 B) and n J( 13 C, 13 C) is scarce, and experimental data 1 J( 11 B, 1 H) and 1 J( 13 C, 1 H) are not very accurate. The remarkable progress in the calculation of spinspin coupling constants [22 -25] encourages to apply theoretical methods to polyhedral compounds, and the small closo-clusters 1 -14 can serve as instructive examples. Previous attempts in the application of Density-Functional-Theory (DFT) based on optimised molecular geometries (e.g. on the 6-311+G(d,p) or comparable level of theory) to boron compounds have met with success [26 -28] , and the agreement with experimental data, if available at all, has been satisfactory.
Results and Discussion
Comparison of experimental and calculated data Numerous 1 J( 11 B, 1 H) values have been reported for polyhedral boron compounds [29, 30] . However, frequently these data are not accurate since the 1 H or 11 B resonance signals are broad and the complex spin systems have not been analysed. This is also true in most cases for the few 1 J( 13 C, 1 H) values [26, 31] , although the influence of the complex spin-systems on these data is less important. Very few examples for coupling constants 1 J( 11 B, 11 B) in the frameworks of deltahedral boranes and carboranes have been measured, and the magnitude was found between less than 10 and 25 Hz [26, 30] . Coupling constants 1 J( 13 C, 11 B) and n J( 13 C, 13 C) (n = 2) have been determined solely for the 1,5-dicarba-closo-pentaboranes(5) 1a [4] , 1b [5] , and 13b [17] , where 13 C labelling was used in the case of the parent compound 1a [4] in order to meaScheme 2. Comparison of experimental (n.m. means not measured) and calculated spin-spin coupling constants for 1,5-dicarba-closo-pentaboranes(5) 1a [4] and 1b [5] . In the case of 1b, the experimental data have been measured for the 1,5-Me 2 -2,3,4-Et 3 -derivative, and calculated data are for 1,5-C 2 B 3 Me 5 .
Scheme 3. Comparison of experimental (n.m. means not measured) and calculated spin-spin coupling constants for hexaalkyl-1,6-dicarba-closo-hexaborane(6) 4b (experimental data for the hexaethyl and calculated data for the hexamethyl derivative), and for the 2-carba-closoheptaborate(1 − ) 13a. sure 2 J( 13 C, 13 C). As shown in Scheme 2, there is good agreement between experimental and calculated coupling constants for 1a and 1b.
In principle, the information on J( 11 B, 11 B), J( 13 C, 11 B) and J( 13 C, 13 C) in polyhedral boron compounds is present in the line width of the 11 B or 13 C NMR signals, for which the broadening can be traced to partially relaxed scalar 11 B-11 B and 13 C-11 B spin-spin coupling. However, it is difficult to extract Table 1 . Selected calculated coupling constants [Hz] for the five-to seven vertex boron clusters 1a -14a, and 1b and 4b.
+6.8 (H1-H7) a See also Scheme 2 for experimental data; b see also Scheme 3 for experimental data; c calculated data from ref. [28] . reliable data from the broadened NMR signals, considering that the relevant nuclei are often chemically equivalent and magnetically non-equivalent, giving rise to complex spin systems, and/or that the spin-spin coupling arises from several different interactions.
In the case of the hexaethyl-1,6-dicarba-closohexaborane(6) 4b, we have measured a severely broadened 13 C(1,6) NMR signal [11] . Taking into account the relaxation rate of the 11 In all cases where experimental data for coupling constants are available, the agreement with calculated data is reasonably good. Therefore, the calculated coupling constants for species which have not been studied experimentally or which are not accessible at all so far can be assumed to be meaningful. Table 1 lists the calculated one-bond and some long-range coupling constants for the compounds 1 -14.
The bonding situation in five-to seven-vertex clusters in the light of coupling constants
In a simplified approach, the cluster "σ bonding" results from the mutual overlap of the radial orbitals, one for each cluster atom, and the "π-bonding" arises from overlap of the tangential p orbitals, two for each cluster atom. The fourth orbital belonging to each cluster atom possesses high s character, similar to the radial orbital, and is engaged in the respective exo-B-H or C-H bond. This simple model predicts that n cluster atoms require (2n + 2) electrons to form a closostructure, as shown in the electron counting rules [32] . The question of overlap, in particular of the tangential orbitals is important for the relative stability of the clusters and therefore, both the shape of the cluster and the origin of the orbitals (e.g. centred at boron or carbon) will have a significant influence [19 -21] .
For nuclei such as 1 H, 11 B and 13 C, the mechanism of spin-spin coupling interactions [33, 34] is dominated by the Fermi contact term (FC). Non-contact contributions from the spin-orbital term (SO) or the spin-dipole term (SD) are of minor importance in most cases (vide infra for exceptions), as it has been assumed [26] and is evident now from the calculations in this work. Thus, the magnitude of the coupling constants and also their sign depend on the s overlap integrals of the respective orbitals. The inspection of the data for the trigonal bipyramidal clusters 1 -3 shows that the coupling constants 1 J( 11 B, 11 B) for the 11 B nuclei in the trigonal plane are small and even negative, in contrast with the coupling constants involving the 11 B nuclei in the plane and the 13 C or 11 B nuclei in the caps. In the six-vertex clusters, the magnitude of the coupling constants 1 J( 11 B, 11 B) in the tetragonal plane increases at the cost of the coupling interactions with the nuclei in capping positions. It is remarkable that in 5a the sign of 1 J( 13 C, 13 C) is negative (−3.6 Hz), indicating a negligible σ bond character of the C-C bond [35] . This can be explained assuming that the s electron density donated by the carbon atoms to the cluster bonding is used almost entirely for the 13 C-11 B and 11 B-11 B spin-spin interactions, reflected by the rather large magnitude of 1 J( 13 C, 11 B) and 1 J( 11 B, 11 B). In the seven-vertex clusters, the overlap between tangential orbitals of capping atoms and those of the atoms in the corresponding pentagonal planes is less efficient than in the octahedral clusters. At the same time the s electron density in the radial orbitals is distributed between more atoms. This means that the magnitude e.g. of 1 J( 13 C(1), 11 B(2) in 8a (+6.4 Hz) is much smaller than in 4a (+12.1 Hz). The case 9a is the second example for a negligible σ bond character of a bond between a capping carbon and a carbon atom in a plane [ 1 J( 13 C(1), 13 C(2)) = −7.7 Hz], and the reason is the same as for the analogous situation in 5a. The sign of the coupling constant 1 J( 13 C(2), 13 C(3)) = +8.0 Hz in 10a is positive although its magnitude is still rather small, when compared with "normal" C-C single bonds [36] . Therefore, the spin-spin coupling interactions between the 11 B nu-clei in the pentagonal plane should benefit from the s electron density provided by the carbon atoms. This is reflected e.g. by 1 J( 11 B(4), 11 B(5)) = +20.9 Hz, similar to the comparable data for 13a and 14a. In 1 J( 13 C(2), 13 C(3)) = +8.0 Hz in 10a, there is a substantial contribution from the paramagnetic spinorbital term (PSO = −4.5 Hz) which is about half of the magnitude of the PSO term usually found for 1 J( 13 C, 13 C) of olefinic double bonds. In ethene, the PSO term has been connected with CC(pp)π bonding [37] , in addition to the σ bond, for which the PSO contribution is small. Indeed, the C(2)-C(3) bond in 10a can be considered a π bond with small σ bond character. Although for all other one-bond coupling constants between the heavy nuclei in 1 -14 the PSO contributions are smaller, their sign is always negative in the range from −0.7 to −2 Hz and not to be neglected. By contrast, contributions from the spindipole term are small (SD < 0.1 Hz in most cases) and can be neglected. Both PSO and SD contributions are associated with energetically low-lying excited states which are not present in these closo-clusters.
Interactions between nuclei in antipodal positions in the closo-clusters
An important question regarding the closostructures concerns bonding interactions between atoms in antipodal positions, which should be reflected by 11 B-11 B, 13 C-11 B or 13 C-13 C spin-spin coupling. Early experimental evidence for such coupling between 13 C nuclei has been presented in the case of 1a [4] , confirmed by the present and previous calculations [26] (Scheme 2). Since the spin-spin coupling between the antipodal nuclei is formally a two-bond coupling, the interactions can in principle be transmitted across several equivalent coupling pathways. However, then the magnitude of this type of coupling constants should increase with the number of coupling pathways in going from the five-to the seven-vertex clusters. The comparison between calculated 2 J( 13 C, 13 C) values for 1a (16.2 Hz), 4a (14.1 Hz), and 8a (10.8 Hz) shows the opposite trend. Similar changes are calculated for the capping nuclei with 2 J( 13 C, 11 B) (2a, 6a, 12a) and 2 J( 11 B, 11 B) (3a, 7a, 13a, 14a) . The magnitude of these coupling constants is not related to the distance between the antipodal nuclei: the coupling constants become smaller, whereas the distances between the capping nuclei become shorter in going from the five-to the seven-vertex clusters. Therefore, it is concluded that the increasing number of atoms participating in the s electron density in the radial orbitals is responsible for the smaller magnitude of the antipodal "two-bond" couplings in the seven-vertex clusters. The positive sign, calculated for these coupling constants, also indicates that a direct through-bond interaction is more important than two-bond coupling pathways. Methyl groups as substituents at the cluster atoms should lead to an increase in the s electron density in the cluster. The calculations predict a large influence on the antipodal couplings in the permethylated derivatives 1b and 4b, where the magnitude of 2 J( 13 C, 13 C) increases by 6.1 and 8.1 Hz, respectively, in contrast to very small changes of the 1 J values. The analogous effect, although somewhat smaller (4.9 Hz), is observed for 2 J( 11 B, 11 B) in 4b, when compared with 4a. The distances between the antipodal carbon atoms in both 1b and 4b, or boron atoms in 4b, are calculated to be slightly longer than in the parent compounds 1a and 4a.
The PSO and SD contributions to the antipodal 2 J values are small (< 1 Hz), but the sign of the PSO contribution has changed to positive (negative for all 1 J in the clusters), and the SD contributions to 2 J values (very small and almost negligible for 1 J in the clusters) are always positive and greater than those from the PSO term. This reminds of the changes in the sign and magnitude of PSO and SD in going from ethene to ethyne, except that the magnitudes of the respective terms are much smaller in the clusters. In ethane, for comparison, where the C-C bond can be considered as a bond with dominant σ character and where energetically low-lying excited states are absent, the calculation, at the same level of theory, shows that the PSO contribution to 1 J( 13 C, 13 C) is only +0.01 Hz and SD = +1.1 Hz, also very small when compared with the FC contribution of +33.2 Hz (Σ = 34.3; note the excellent agreement with the experimental value of 34 Hz).
Conclusions
The reasonable agreement between experimental and calculated spin-spin coupling constants for nuclei forming closo-clusters is encouraging to further use the calculated data in the discussion of the bonding situation in known or still unknown cages with closo structures. The electron delocalisation in these electron-deficient species causes smaller magnitudes of the 1 The trends in the spin-spin coupling interactions between antipodal nuclei are more readily explained by direct bonding rather than by two-bond coupling pathways. In comparison with the Fermi contact term, the non-contact contributions to the spin-spin coupling, although small, cannot be neglected. The trends in these non-contact terms are opposite for the 1 J and antipodal 2 J values.
Experimental Section
The Gaussian 03 program package [40] served for all optimisations of the gas phase geometries for the compounds 1 -14, using DFT methods (B3LYP) [41] and the 6-311+G(d,p) basis set [42] . The optimised geometries were characterised as minima (absence of imaginary frequencies) on the respective potential energy surface by calculating analytically the frequencies of the stationary points. In the case of 1b, the X-ray structural analysis has been carried out for the pentaethyl derivative and the calculations were done for the pentamethyl compound. The agreement betweeen experimental and calculated structural data is shown in Table 2 . The spin-spin coupling constants for all clusters 1 -14 were calculated for the optimised geometries at the same level of theory [B3LYP/6-311+G(d,p)]. As in previous work [27, 28] , it was observed that the most consistent results were obtained with the B3LYP method. The significance of the different contributions (FC, SO, SD) to the spin-spin coupling constants, which are experimentally inaccessible, was investigated carefully. In the case of the spin-orbital contribution (SO), only the paramagnetic spin-orbital term (PSO) was found to be of appreciable magnitude, whereas the diamagnetic spin-orbital term (DSO) was negligible (< 0.1 Hz) in all cases studied. Various reasons for deviations between experimental and calculated data, in particular when 1 H nuclei are involved, have been discussed previously [26] .
